In this research, Mg9Li2Al1Zn (LAZ-F) magnesium alloy was studied on a friction stir process (LAZ-FSP), and the FSP specimens had stabilized heat treatment (LAZ-FSP-S) to improve the punch-shear properties. LAZ-FSP revealed the network-like structure and particle in the stir zone. Cracks could be found on the subsurface of punch-shear LAZ-F and LAZ-FSP specimens. Notably, specimens with stabilizing heat treatment had no obvious defects on the subsurface after the punch-shear test. It is convincible that stabilizing heat treatment had improved the punch-shear properties of LAZ921. On the other hand, LAZ-FSP shows excellent tensile strength, while LAZ-FSP-S shows a better elongation. Therefore, stabilizing heat treatment at 60°C not only had showed improvements on workability, but also had effectively increased the ductility of magnesium alloy under room temperature.
Introduction
MgLi alloy with lithium content has a lower density and better ductility because this substitution of lithium for magnesium which causes reduction in the hexagonal closepacked (HCP) structure's c/a ratio, results in lower activation energy of prismatic slip system f10 10gh2 1 10i. 1) In addition, the basal slip system f0002gh2 1 10i and prismatic slip system can be controlled at room temperature to enhance the workability of magnesium alloy.
Previous papers 2, 3) showed that the tensile strength of Mg alloy could be enhanced and the ductility would decrease after the implementation of supersaturated solution treatment. This was inferred that the supersaturated ¢ phase had an obvious contribution to the strength of MgLiAl alloy in comparison with the precipitation of ª phase. Notably, the workability of MgLi alloy at room temperature is not satisfactory in the commercial application due to the brittle property without proper heat treatment. Therefore, it is a challenge for avoiding cracks and large roughness on MgLi alloy plate during the punch-shear process at room temperature.
Friction stir welding (FSW) has more advantages than the other traditional welding processes because it is a solid-state joint process. 4) In addition, friction stir process (FSP) is adopted as a new surface modification approach to FSW. FSP has the dynamic recrystallization phenomenon and is able to obtain fine and equiaxed grains in the stir zone.
5)
Wang et al. 6) presented that the elongation of Mg alloy in stir zone of friction stir process is needed to be improved. MgLi alloy possesses the light-weight property and FSP improves the punch-shear properties of MgLi alloy in the stir zone. This is able to increase the workability.
In this study, a FSP was being performed on Mg9Li 2Al1Zn magnesium alloy. The supersaturated ¢ phase and elongation of FSP-specimen were discussed by considering a stabilizing heat treatment at 60°C for 50 h. Furthermore, the room temperature workability and deformation mechanism were investigated in the punch-shear process and the tensile test. The results were shown to technical applications.
Experimental Procedures
The LAZ921 chemical composition was Mg9 mass% Li 2 mass% Al1 mass% Zn. The LAZ-F plate was adopted as the substrate of FSP, as shown in Fig. 1 . The FSP-ed samples were designated as LAZ-FSP. FSP was performed by using the following parameters: (1) tool rotating speed at 1566 rpm; (2) tool moving speed at 1 mm/min with tool angle of 1.5°; (3) the downward push force at 19.7 MPa. The tool size of FSP was 21.2 mm in terms of shoulder diameter, 10.3 mm in terms of pin diameter and 2 mm for pin height, as shown in Fig. 2 . Temperatures of the LAZ-FSP specimens in some zones were near to the solid solution temperature during FSP. Therefore, the dissolving ¡ phase of LAZ-FSP specimen needed to be precipitated by the stabilizing heat treatment (60°C for 50 h), and the stabilizing heat treatment could decrease the optimum time of subsequent aging treatment. The stabilizing heat treatment samples were designated as LAZ-FSP-S. The microstructures of all specimens were observed and the hardness of matrix was measured by Rockwell hardness.
In this study, the punch-shear fracture subsurface of the specimens (strain rate 167 s ¹1 ) was observed by a scanning electron microscope (SEM). On the other hand, the tensile specimens were prepared (Fig. 3) , and the tensile direction was parallel to the extrusion direction (ED) or process 
Results and Discussion
The microstructure of LAZ-F is shown in Fig. 4 . The ¢ phase (Li-rich) of BCC structure is dark; ¡ phase (Mg-rich) of HCP structure is bright. The area fraction of plate-like ¡ phase was 25% and dispersed in a matrix. Microstructure of PD plane of LAZ-FSP was observed, as shown in Fig. 5 .
The center of stir zone (SZ) revealed that the network-like structure (dynamic recrystallization and texture effect) 7) and the particle-like structure (frictional heat of shoulder) 8, 9) were found from the thermo-mechanically affected zone (TMAZ) of advancing side to bottom of stir zone.
The area fraction of ¡ phase of LAZ-FSP decreased to 10% because this phase was dissolved at high temperature during FSP. Figure 6 shows the microstructure of LAZ-FSP-S under 60°C stabilizing heat treatment, which also found that there is a better distribution compared to the network-like structure of FSP. Thus, the area fraction of ¡ phase of LAZ-FSP-S is similar to LAZ-F. ¡ phase of LAZ-FSP-S was precipitated in the matrix in order to have contribution to the application of subsequent punch-shear process.
The initial hardness (HRF) of LAZ-FSP was about 78 and its hardness decreased to HRF65 after stabilizing heat treatment for 40 h. HRF 65 was close to the hardness value after the natural aging for 400 h. Notably, both LAZ-FSP and LAZ-FSP-S had two different structures. Hence, the zone of punch-shear test not only covered the retreating side of SZ (network-like), but also contained the advancing side of TMAZ (particle) in order to study the roughness of punchshear surface. Figure 7 shows the surface cracks of punch-shear fracture of LAZ-F specimen by SEM. Notably, the network-like structure and particle structure of LAZ-FSP did not show any obvious defects, however fine cracks (³170 µm) and voids (³8 µm) were found (Fig. 8) . Figure 9 shows the fracture surface of LAZ-FSP-S. After the stabilizing heat treatment, no defects were found in both kinds of structure. The fracture surface of LAZ-FSP-S was smoother than LAZ-F and LAZ-FSP. Hence stabilizing heat treatment can effectively improve the workability of LAZ921 at room temperature. Figure 10 shows the tensile properties of LAZ-F, LAZ-FSP and LAZ-FSP-S. LAZ-FSP specimen had higher yield stress (YS) and ultimate tensile strength (UTS) than the others. There was a reduction in the strength of the LAZ-FSP-S specimen but it was still higher than LAZ-F. On the other hand, the elongation of LAZ-FSP was approximately zero (0.25%) and had a fully brittle property. After applying stabilizing heat treatment, the uniform elongation and total elongation of LAZ-FSP-S increased to ³8% and the ductility behaved similarly to LAZ-F specimen. The advancing side of TMAZ was particle structure, as shown in Fig. 5(b) . The coarse ¡ phases were dispersed uniformly, which is a typical FSP feature. In fact, ¡ phase was dissolved in a matrix when FSP was at high temperature (induced by friction stir process), but it would re-precipitate when the stirred zone cools down. In addition, Fig. 5(c) shows the network-like structure and the result of ¡ phase reprecipitation, which is the same as Wang's report. 10) Moreover, area fraction of ¡ phase decreased obviously because parts of the dissolving ¡ phase precipitated imperfectly. After the application of supersaturated solution treatment, ª MgLi 2 Al of MgLi alloy will transform into AlLi phase by natural aging for several months. The time length of phase transformation can be shortened by applying heat treatment above 75°C while the reversion effect may occur.
1113)
Therefore, we hope the area fraction of ¡ phase and the hardness can recover the condition of the LAZ-F specimen by stabilizing heat treatment. This is the main reason for performing stabilizing heat treatment at 60°C.
The punch-shear subsurface of LAZ-F was shown in Fig. 11 . The initiating zone of fracture occurred within the ¡ phase and ¡/¢ interface.
14) The cracks were propagated to form large defect (³71 µm). After FSP, the cracks of the punch-shear subsurface of LAZ-FSP became smaller (³14 µm, Fig. 12 ) in network-like and particle structures. It is clear that ¡ phase dissolved in the matrix and the roughness of fine SZ structure decreased. On the other hand, the smooth punch-shear surface was observed in the network-like and particle structures of the LAZ-FSP-S specimen (Fig. 13) . It shows that the fracture surface of LAZ-FSP-S specimen had lower roughness (³9 µm). The dispersed ¡ phase during FSP and stabilizing heat treatment had improved the punch-shear properties. Since punch-shear test had a higher strain, the tensile test could be carried out at different strains from 3 to 6% to understand the propagated path of the cracks. 15) From the fracture subsurface of tensile test, ¡ phase of LAZ-F alloy under room temperature could neither have the slip of the basal plane nor make the formation of twin. During deformation, stress concentration might exist in the interface of ¡/¢. When tensile strain was 3%, some fractures occurred in ¡ phase and a few cracks could be found in the interface of ¡/¢ (Fig. 14) . These cracks linked to each other and induced the failure of matrix when the strain was raised to 6%. It must be noted that the failures were started from ¡ phase and the interface of ¡/¢. For LAZ-FSP specimen, some cracks could also be found in the network-like and particle structures in the fractural subsurface (Fig. 15) . It can be inferred that ¢ phase with supersaturated solid solution was the main cause of the poor ductility after FSP. 16) The fractural subsurface of LAZ-FSP-S specimens with 3 and 6% strains are shown in Fig. 16 .
In the network-like structure, the cracks were occurred in the interface of ¡/¢ and crossed over ¡ phase at 3% strain. Similar to the LAZ-F specimens, the cracks were also linked together. Notably, no obvious defects exist in the particlelike structure even at 6% strain. The existence of particles was conformed to enhance the mechanical properties. The Fig. 15 The fracture subsurface of LAZ-FSP: (a) network-like structure and (b) particle structure including the cracks in ¢ phase. Fig. 16 Tensile fracture sub-surface of LAZ-FSP-S: (a) interface of both microstructure at strain of 3%, (b) some cracks passing through ¡ and ¡/¢ in network-like structure at strain of 3%, (c) initiation of large defect caused by those cracks at strain of 6%, and (d) particle structure without obvious defect at strain of 6%. experimental results of the MgLi alloy are summarized in Fig. 17 . The FSP causes the extruded materials to transform into the network-like and particle structures. The ¢ phase matrix then becomes supersaturated to reduce the ductility and make no improvements in punch-shear property. 17) The 60°C stabilizing heat treatment can recover ductility and increase the strength of LAZ-FSP materials. After punchshear test, we can obtain smooth fracture surface and improve the workability of MgLi alloy at room temperature.
Conclusion
(1) After friction stir process (FSP), ¡ phase of LAZ-FSP-S specimen was precipitated in the matrix of LAZ9121 alloy.
(2) After FSP, the ¢ phase matrix became supersaturated to reduce the ductility and have lower punch-shear property.
(3) The stabilizing heat treatment recovered the ductility of FSP specimen and improved the punch-shear property of MgLi alloy plate.
